Cyanobacteria have played a significant role in the formation of past and modern carbonate deposits at the surface of the Earth using a biomineralization process which has been almost systematically considered as induced and extracellular. Recently, a deep-branching cyanobacterial species, Candidatus Gloeomargarita lithophora, was reported to form intracellular amorphous Ca-rich carbonates, indicating the occurrence of controlled carbonate biomineralization. However, the significance and diversity of the cyanobacteria in which intracellular biomineralization occurs remain unknown. Here, we searched for intracellular Cacarbonate inclusions in 68 cyanobacterial strains distributed throughout the phylogenetic tree of cyanobacteria. We discovered that diverse unicellular cyanobacterial taxa form intracellular 
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Cyanobacteria have played a significant role in the formation of past and modern carbonate deposits at the surface of the Earth using a biomineralization process which has been almost systematically considered as induced and extracellular. Recently, a deep-branching cyanobacterial species, Candidatus Gloeomargarita lithophora, was reported to form intracellular amorphous Ca-rich carbonates, indicating the occurrence of controlled carbonate biomineralization. However, the significance and diversity of the cyanobacteria in which intracellular biomineralization occurs remain unknown. Here, we searched for intracellular Cacarbonate inclusions in 68 cyanobacterial strains distributed throughout the phylogenetic tree of cyanobacteria. We discovered that diverse unicellular cyanobacterial taxa form intracellular amorphous Ca-carbonates with at least two different distribution patterns suggesting the existence of at least two distinct mechanisms of controlled biomineralization: i) one with Cacarbonate inclusions scattered within the cell cytoplasm such as in Ca. G. lithophora, and ii)
another one observed in strains belonging to the Thermosynechococcus elongatus BP-1 lineage, in which Ca-carbonate inclusions lie at the cell poles. This pattern seems to be linked with the nucleation of the inclusions at the septum of the cells, showing an intricate and original connection between cell division and biomineralization. These findings indicate that intracellular Ca-carbonate biomineralization by cyanobacteria has been overlooked by past studies and open new perspectives on the mechanisms and the evolutionary history of intra-and extra-cellular Ca-carbonate biomineralization by cyanobacteria.
Introduction
Cyanobacteria are a phylogenetically and ecologically diverse phylum of Gram-negative bacteria, which have impacted the global cycle of carbon on the Earth for billions of years and induced the oxygenation of the atmosphere (1) (2) (3) . By performing oxygenic photosynthesis, which is a unique capability that appeared only once in evolution, in this particular group of bacteria, they have contributed significantly to the primary production on the past and present Earth (4). Moreover, they have received great attention from geologists as major players in the formation of carbonate sedimentary deposits such as stromatolites (5, 6) , the oldest ones formed by cyanobacteria being possibly as old as 2.98 Ga (7 This model states that bicarbonates are actively imported into the cells, transformed to CO2 within carboxysomes for fixation by RuBisCO. The resulting alkalinity is transferred outside the cells, which raises the external pH and thus induces CaCO3 precipitation (13) . In contrast, other authors found that some cyanobacteria induce CaCO3 precipitation with no notable effect of photosynthesis and therefore stressed alternatively on the importance of cell surface properties for the nucleation of minerals (14) . In any case, precipitation of CaCO3 by cyanobacteria has been invariably considered as a non-controlled and extracellular process.
This paradigm has been questioned recently by the discovery of a new deep-branching cyanobacterial species, Candidatus Gloeomargarita lithophora, enriched from the hyperalkaline Lake Alchichica (Mexico) and forming amorphous carbonates intracellularly (15) . Yet, many studies characterized the ultrastructure of cyanobacteria (e.g., 16, 17) and explored their impact on calcification (e.g., 11, 18, 19) , but none of them reported the presence of intracellular carbonates. Here, we investigated whether intracellular carbonate biomineralization is restricted to one particular species and/or specific environmental conditions or whether it exists in other diverse cyanobacteria. This is essential to assess the evolution of intracellular carbonate biomineralization and its significance at geological timescales. For this purpose, we screened 68 cyanobacterial strains scattered throughout the phylogenetic tree of Cyanobacteria ( Figure   1 ) to search for intracellular carbonates.
Results and discussion
Sixty-eight strains of cyanobacteria were imaged by scanning electron microscopy (SEM) using an angle selective backscattered electron (AsB) detector, which provides a chemical contrast.
Their elemental composition was further analyzed by energy dispersive x-ray spectrometry (EDXS) coupled with SEM. Names of the strains, their geographic origin and the culture medium in which they were cultured are provided in Table S1 . Most of the strains were obtained from culture collections (notably the Pasteur Culture Collection of Cyanobacteria) but we also studied a few other strains, in particular two strains that were isolated recently from microbialites from the alkaline Lake Alchichica (Mexico): Ca. G. lithophora (15) and a new species distantly related to Thermosynechococcus elongatus BP-1, which we have provisionally called Candidatus Synechococcus calcipolaris strain G9. Cyanobacteria have been classically grouped by subsections, defined on the basis of morphological and cell division features (e.g., 20, 21) . We covered all the subsections, with 26 strains belonging to subsection I, 5 to subsection II, 23 to subsection III, 10 to subsection IV and 4 to subsection V.
All but 8 of the tested strains showed intracellular inclusions as detected by SEM with a size range from ~100 up to 800 nm in diameter (SI Appendix, Table S1 and Fig. S1 ). Some strains contained numerous inclusions (e.g., PCC 73106, PCC 6308), while others had only one (e.g., PCC 7376) or two (e.g., PCC 7421) inclusions per cell. In some cases, these inclusions were preferentially located at the poles or showed alignments (e.g., PCC 7002, PCC 7429). These inclusions were in most cases composed of P as the major element with some Mg and K and sometimes Ca (SI Appendix, Fig. S2 ). According to their size, chemical composition and distribution patterns, they were interpreted as polyphosphate (PolyP) granules. In the past, PolyP granules have been identified by microscopy in many bacterial species, including some of the cyanobacterial strains analyzed in the present study (e.g., 22, 23) . Such granules have sometimes been named metachromatic granules, or ''volutin'' (e.g., 17) and constitute a storage form of P for the cells or as a source of energy under P-limited or stress conditions (24) .
The most striking result of this systematic survey was the discovery of seven cyanobacterial strains forming spherical and poorly crystalline intracellular carbonates (Fig. 2, 3, 4 and Table   S2 ) in addition to Ca. G. lithophora, which was recently described (15) . These strains were further analyzed by scanning transmission electron microscopy (STEM) in the high angular annular dark field (HAADF) mode which provides a chemical contrast with a higher spatial resolution compared to SEM. All these strains formed Mg-and K-containing PolyP granules as described above, but they also contained P-free, Ca-rich inclusions measuring between 60 and 870 nm in diameter and appearing as amorphous by electron diffraction, that we interpreted as Ca-carbonates (Fig. S2 ). The presence of Ca-carbonate inclusions was not dependent on the medium in which the strains were grown: first, several strains without Ca-carbonate inclusions were grown in BG11 similarly to the strains forming intracellular Ca-carbonates. Moreover, Ca. G. lithophora D10 and Ca. S. calcipolaris G9 showed intracellular Ca-carbonate inclusions when grown in the different culture media (e.g., BG11o or ASNIII) used for the other PCC strains screened in the present study ( Fig. S3 and S4 ).
Two types of spatial distributions of the Ca-carbonate inclusions were observed:
Ca. G. lithophora D10, Cyanothece sp. PCC 7425 and Chroococcidiopsis thermalis PCC 7203
formed calcium carbonate inclusions scattered throughout the cell cytoplasm (Fig. 2) . In In contrast, Synechococcus sp. strains PCC6716, PCC6717, PCC6312, Ca. S. calcipolaris G9
and Thermosynechococcus elongatus BP-1 all showed Ca-carbonate inclusions clustered at the cell poles and sometimes also in the middle of the cells ( Fig. 3 and 4 ). The five strains showed very similar characteristics in terms of size, number and distribution patterns of the Cacarbonate inclusion within the cells ( Fig. 3 and 4) . Cells contained between 5 and 40 inclusions at each pole, measuring between 90 and 300 nm in diameter. Inclusions in the middle of the cells were usually smaller, measuring between 50 and 150 nm in diameter. Overall, the numerous images that were acquired suggested that the formation of the Ca-carbonate inclusions is concomitant with the formation of the cell division septum (Fig. 4) . After cell division, Ca-carbonate inclusions are therefore located preferentially at the poles of the cells. suggests that intracellular Ca-carbonate formation is a biologically controlled mineralization process (27) .
It is interesting to note that PolyP granules were also observed in cells forming intracellular elongatus BP-1 has been used as a model for crystallographic studies of protein complexes such as photosystems, but intracellular Ca-carbonates had never been mentioned before for this strain. Therefore, there is a need for a systematic re-assessment of the presence/absence of Cacarbonate inclusions in all cyanobacterial strains following a procedure similar to that shown here. In our study, cyanobacterial strains that do not form intracellular Ca-carbonates represent the majority. However, we show that intracellular Ca-carbonate biomineralization is not a rare capability. It is performed by strains isolated from diverse environments in various geographical sites, including a German soil, a rice field in Senegal, an alkaline lake in Mexico and hot springs in Japan and the USA (Oregon and Yellowstone) (Table S2 ).
Since the genome sequences of some of the strains analyzed here, in particular some intracellular Ca-carbonate-forming strains (PCC 6716, 6717, D10 and G9) are not available yet, we used 16S rDNA sequences to study the phylogeny of these strains ( thermalis PCC 7203) occupy very distant branches of the cyanobacterial tree (Fig. 1 ). There are two possibilities to explain this phylogenetic distribution: either this type of biomineralization was extremely ancient in Cyanobacteria and was lost in many lineages or it evolved several times independently in these three lineages. Moreover, phylogenomic analyses (20) supported that the T. elongatus BP-1 clade is sister to Cyanothece sp. PCC 7425 (their separation in our tree is most likely due to the limited phylogenetic signal of the 16S rDNA). If this is confirmed, a single group would exhibit the two patterns of intracellular Ca-carbonate distribution. Since the cellular mechanism responsible for this controlled synthesis of Cacarbonates remains unknown, it is difficult to distinguish between the hypotheses implying a single or several independent origins for this biomineralization capacity.
The relationship between intracellular and extracellular Ca-carbonate biomineralization will have to be investigated in the future. 
Materials and Methods
Strains and culture conditions. Sixty-four axenic strains were available from the Pasteur culture collection of Cyanobacteria (PCC strains, 20). They were axenic and have been described and studied by Rippka et al. (21) and Shih et al. (20) . Culture media used for the different strains are reported in Table S1 . Strains isolated from freshwater, soil or thermal environments were cultured in medium BG-11 and its variants, while marine strains were cultured in the more saline medium ASN-III and its variants (Table S1 ; 21). Recipes of the culture media are available on http://cyanobacteria.web.pasteur.fr/. All PCC cultures were grown at 22°C except PCC 6716, 6717, 9339, 9431 and 9605 which were grown at 37°C. An axenic Thermosynechococcus elongatus strain BP-1, isolated from a hot spring in Beppu (Japan), was provided by Alain Boussac (CEA Saclay, France) and was cultured at 37°C in BG11. 1 non-axenic strain was an enrichment from Yellowstone. 2 non-axenic strains were enriched from Lake Alchichica. Ca. G. lithophora D10 was previously enriched and described in Couradeau et al. (15) . A second strain was enriched following the same protocol. Because this strain was phylogenetically relatively distant from Synechococcus sp. PCC 6312, PCC 6716
and PCC 6717, and because it was enriched from a mesophilic environment on the contrary to Thermosynechococcus elongatus BP-1, we propose the following status for this new strain enriched from Lake Alchichica: order Chroococcales, Ca. S. calcipolaris sp. nov. Both cultures of Ca. G. lithophora D10 and Ca. S. calcipolaris G9 were grown in BG11 at 22°C.
Microscopy sample preparation. 0.5 mL of cultures were centrifuged at 8000 g for 10 min. 
